Introduction
Periodontitis is a chronic inflammatory disease of the tooth supporting tissues. The progressive destruction of the periodontal tissues (gingival, periodontal membrane and alveolar bone) results in pocket formation, bone resorption and ultimately in tooth loss if it is untreated. Periodontitis is the leading cause of tooth loss worldwide (Petersen et al., 2005; Pihlstrom et al., 2005) . Furthermore, it has been proven to be a significant risk factor of systematic diseases, including coronary heart disease (Dietrich et al., 2008) , stroke (Sfyroeras et al., 2012) , obesity (Suvan et al., 2011) , atherosclerosis (Tonetti, 2009) , preterm birth and low birth weight in infants (Rakoto-Alson et al., 2009) .
It is well accepted that periodontitis is initiated by bacteria embedded in biofilms known as subgingival dental plaque and involves complex interactions of bacteria with the host (Tatakis and Kumar, 2005; He and Shi, 2009; Darveau, 2010) . Macromolecules synthesized by periodontal prokaryotes, such as fimbriae, hydrolytic and proteolytic enzymes, as well as metabolic end products (sulfur-containing compounds, ammonia, short-chain fatty acids and so on) play important roles in the destruction of tooth supporting tissues (Socransky and Haffajee, 1992) . These molecules, on one hand, are extremely toxic even at moderate concentration and can cause host tissue damage directly. On the other hand, by stimulating the host inflammatory cascade that involves chemokines, cytokines, products of arachidonic acid metabolism and matrix metalloproteinases, they could promote connective tissue destruction indirectly (Graves et al., 2000) .
Traditionally, studies on pathogenesis of periodontal microbiota involve a 'reductionist' approach to studying complex subgingival microbial communities by analyzing individual bacterial species. As a result, a small group of predominantly Gramnegative anaerobic bacteria and spirochetes, notably Porphyromonas gingivalis, Tannerella forsythensis and Treponema denticola, have long been regarded as the main putative pathogens of periodontitis (Holt and Ebersole, 2005; Ertugrul et al., 2013; Fischer et al., 2013) . However, more recent studies have shown that, instead of a single pathogen, periodontitis may be a poly-microbial infectious disease caused by potentially pathogenic microbial communities, in which microorganisms interact in a synergistic or cooperative manner, leading to pathogenesis (Darveau, 2010; Hajishengallis and Lamont, 2012; Griffen et al., 2012) . This pathogenic pattern revealed that each individual within the community might be involved in the disease occurrence and progression, and even members in low abundance could still act as critical species affecting complex community behaviors. Consequently, an increased interest in using a 'holistic' approach to define the complex regulatory networks that contribute to this disease has emerged with advances in metagenomic technologies, for example, high-throughput microarrays (Colombo et al., 2009 (Colombo et al., , 2012 and nextgeneration sequencing technology (Colombo et al., 2009 (Colombo et al., , 2012 Liu et al., 2012; Griffen et al., 2012) .
Functional gene array technology is one of several recently developed high-throughput metagenomic approaches for analyzing microbial communities from different sources (He et al., 2012a, b) . Various types of functional gene arrays have been developed for analyzing microbial community structure (He et al., 2011) . For example, GeoChip 4.0 contains B83 992 probes and targets B142 000 genes from 410 functional gene families involved in nitrogen, carbon, sulfur and phosphorus cycling, antibiotic resistance, virulence factors and bacterial phagemediated lysis (Tu et al., 2014a) . Another type of functional gene array, termed HuMiChip 1.0, was constructed for analyzing human microbiomes that contains 36 802 probes targeting B50 000 coding sequences from 139 key functional genes in various metabolic pathways such as the metabolism of amino acids, carbohydrates, energy, lipids, glycan, cofactors, vitamins and nucleotides (Tu et al., 2014b) . As human microbiomes have some general functions that GeoChip targets, combining these two functional gene arrays would make it a promising tool to analyze the functional composition and structure of human microbiomes.
In this study, the subgingival dental plaque samples from periodontitis patients and healthy controls were analyzed with Illumina MiSeq (San Diego, CA, USA) sequencing and GeoChip 4.0 þ HuMiChip 1.0. We aimed to (1) elucidate the microbial taxonomical composition changes in periodontitis patients and identify key microbial populations; and (2) identify key metabolic genes and pathways contributing to periodontal microbial community pathogenicity. Our results indicated that the microbial community composition and structure in periodontitis patients was dramatically altered and key metabolic genes and pathways could be directly or indirectly involved in periodontitis pathogenicity.
Materials and methods

Subjects and sampling
Subjects with moderate periodontitis (n ¼ 12), severe periodontitis (n ¼ 13) and sex-and age-matched healthy controls (n ¼ 12) were recruited from the West China Hospital of Stomatology, Sichuan University. Inclusion criteria of periodontitis patients were (Tanner et al., 2007) : (1) age between 20 and 70 years; (2) medically healthy; (3) no previous periodontal treatment and no antibiotics use within the past 6 months; and (4) willing to consent to the clinical examination and microbial sampling. Periodontal healthy subjects had (1) no pockets and clinical attachment loss; (2) no alveolar bone absorption on X-ray examination; and (3) o15% of sites with bleeding on probing or redness. The periodontal patients were subdivided into moderate periodontitis and severe periodontitis groups based on the definition as following: moderate periodontitis: 4 mmoprobe depth p6 mm, attachment loss 3-5 mm, 1/3 root lengtho alveolar bone destruction o1/2 root length; severe periodontitis: probe depth X6 mm, attachment loss 45 mm, alveolar bone destruction 41/2 root length (Meng, 2008) . To obtain sufficient genomic DNA, only generalized periodontitis patients (430% of teeth are involved; Armitage, 1999) were enrolled. The subgingival plaque samples were collected after patients had signed an informed consent and the sampling procedure was approved by the local ethics committee of West China Hospital of Stomatology, Sichuan University (Chengdu, China). After the supragingival plaque removal, the subgingival plaque was collected from selected periodontal pockets by inserting one sterile endodontic paper point (Caulk-DENTSPLY, Milford, DE, USA) into each pocket for 10 s. Samples from the same volunteer were pooled, placed in 700 ml of Tris-EDTA buffer, carried to laboratory within 4 h and stored at À 80 1C before further processing. For periodontal healthy individuals, the same method was used to collect plaque from the bottom of the gingival sulcus.
DNA extraction
Bacteria were separated from the paper points by vortexing. The paper points were discarded and community DNA was extracted using the QIAamp DNA micro Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions and adding a lysozyme (3 mg ml À 1 , 1.5 h) treatment step. The DNA quality was evaluated by the absorbance ratios at A260/A280 and A260/A230 using spectrophotometry (NanoDrop 1000, Thermo Scientific Inc., Wilmington, DE, USA) and final DNA concentrations were quantified with the Pico-Green kit (Invitrogen, Carlsbad, CA, USA). Only DNA samples with A260/A280 41.7 and A260/A230 41.8 were used for further analysis. The extracts were stored at À 20 1C until use.
Illumina sequencing analysis of 16S rRNA gene amplicons The barcoded PCR amplification was performed and the 16S rRNA gene PCR amplicons were sequenced with the Illumina MiSeq technology at the Institute for Environmental Genomics, University of Oklahoma (Norman, OK, USA). Details on microbial 16S rRNA gene amplification, highly paralleled DNA sequencing and preprocessing of reads are included in the Supplementary Materials online. The sequence data were further analyzed with the following statistical methods. (1) Unweighed principal coordinate analysis was used to compare the phylogenetic structures of healthy and disease control. In addition, three different nonparametric analyses for multivariate data were also used to examine the community difference between healthy and periodontal diseases group: analysis of similarities (ANOSIM) (Clarke, 1993) , nonparametric multivariate analysis of variance (adonis) using distance matrices (Anderson, 2001 ) and multiresponse permutation procedure (MRPP). (2) The diversity indices including Shannon-Weaver H index, Simpson and Simpson Evenness were calculated using R 2.9.1 (http://www.r-project.org/) with the vegan package. (3) Circular maximum likelihood phylogenetic tree at genus level was constructed with MEGA 5 using neighbor-joining method with a bootstrap value of 1000 and the tree was displayed using iTOL (Letunic and Bork, 2011) . (4) The relative abundances of bacterial taxon at the levels of phylum and genus were calculated and typically presented as mean±s.d. Permutation unpaired t-test was used to identify statistically significant differences. (5) The number of operational taxonomical units (OTUs) within each phylum were also calculated and presented as mean ± s.d. Permutation unpaired t-tests were used to identify statistically significant differences.
Functional gene array analysis
The GeoChip 4.0 and HuMiChip 1.0 existed in the same array with B135K probes totally, among which HuMiChip 1.0 contains 36 802 probes (Tu et al., 2014b) , GeoChip 4.0 has 83 992 probes (Tu et al., 2014a) and the rest of them are control probes for quality control, normalization and evaluation. The protocols for GeoChip 4.0 and HuMiChip 1.0 array analysis are the same. For details of target DNA labeling, hybridization and imaging, please refer to the Supplementary Materials. The signal intensities were digitized based on microarray images using NimbleScan (NimbleGen, Madison, WI, USA) as raw data that were uploaded to the laboratory microarray data manager pipeline (http://ieg.ou.edu/microarray/) and then preprocessed with the following major steps.
(1) Spots flagged as poor quality by ImaGene 6.1 and with a signal-to-noise ratio ((signal intensity À background)/s.d. of background) of o2.0 and signal intensity of o1000 were removed. (2) Signal intensities were normalized to the Cy5-labeled universal standard across different arrays. (3) The normalized intensity of each spot was calculated by dividing the signal intensity of each spot by the mean intensity of the effective spots of the array. (4) All samples were separated into three groups, and a probe was removed if it was only detected in two or fewer samples in each group. All of the above are standard protocols for GeoChipbased analysis that have been described elsewhere. Preprocessed data were used for further statistical analysis. (1) The diversity indices including Shannon-Weaver H index, Simpson and Simpson Evenness were calculated using R 2.9.1 with the vegan package. The overlapped/unique numbers of genes were calculated with the following two steps: (a) all detected genes from all replicates for each group (healthy controls, moderate periodontitis or severe periodontitis) were counted to generate a pooled gene list; and (b) the pooled gene lists were used to calculate the overlapped/unique gene numbers between any two groups. (2) ANOSIM, adonis and MRPP were also used for community functional structure comparison. (3) Hierarchical clustering analysis was performed with CLUSTER 3.0 (http://rana.lbl.gov/EisenSoftware.htm) and visualized by TREEVIEW (de Hoon et al., 2004) . (4) The normalized signal intensity for each functional gene was the average of the total signal intensity from all the replicates and all data are presented as mean±s.d. Permutation unpaired t-test were used to compare the significance of differences in relative abundance of each gene category or family between healthy and diseased groups.
Results
Changes in phylogenetic composition and structure in periodontal microbial communities To understand the change in phylogenetic composition and structure of periodontal microbial communities, we sequenced 16S rRNA gene amplicons from periodontitis (n ¼ 25) and healthy (n ¼ 12) samples with Illumina MiSeq technology. Sequencing produced 548 989 raw sequences with average length of 252 bp. After preprocessing, 514 224 high-quality reads remained and were assigned to individual OTUs at 3% dissimilarity using the Uclust program (Edgar, 2010) . In total, 1001 OTUs were detected in these 37 volunteers, with 800 phylogenetically derived from 12 known bacterial phyla and 201 from unclassified phenotypes.
The phylogenetic structure of all 37 samples were analyzed by unweighed principal coordinate analysis. As shown in Supplementary Figure S1 , periodontitis and healthy subjects were well separated. The dissimilarity tests, including ANOSIM, adonis and MRPP, showed significant differences between periodontitis and healthy subjects (Po0.05). However, no significant differences between moderate periodontitis and severe periodontitis were detected, and hence we combined these two groups into the periodontitis group for further analysis.
As shown in Supplementary Table S1 , significantly higher a-diversity (Shannon and Simpson) and evenness (Simpson Evenness) was observed in the periodontal group. A slightly higher richness (number of OTUs detected) was found in the periodontal patients, but no statistical significance was detected (P40.05).
A phylogenetic tree constructed with MEGA 5 at the genus level is shown in Figure 1 . Overall abundance and the magnitude of the difference between healthy and periodontitis groups are indicated by bars. A total of 108 genera were detected and most were rare taxa with abundance o0.3%. Fusobacterium, Neisseria, Prevotella, Streptococcus, Leptotrichia, Veillonella and Capnocytophaga were the predominant genera in both periodontal and healthy groups and they were also ranked top 10 positions in each group in terms of relative abundance. Figure 2 shows statistical difference at the levels of the most abundant phyla, genera and OTUs. At the phylum level, Firmicutes, Bacteroidetes, Spirochaetes, Tenericutes, Chloroflexi, Synergistetes and Euryarchaeota were highly associated with disease, whereas Proteobacteria were found at higher levels in healthy controls (Figure 2a) . At the genus level, we found 39 genera distributed differently between healthy and periodontitis groups, and only the genera with average relative abundance 40.4% in periodontitis group are demonstrated in Figure 2b . Fusobacterium, Porphyromonas, Treponema, Filifactor, Eubacterium, Tannerella, Hallella, Parvimonas, Peptostreptococcus and Catonella showed higher abundances in the periodontitis group, whereas the genera Neisseria, Corynebacterium, Capnocytophaga and Actinomyces had lower abundances ( Figure 2b ). Prevotella had no difference between the two groups. Then, we compared the distribution of OTUs in periodontitis patients with that of healthy subjects. Fewer OTUs in phyla Firmicutes, Tenericutes, Chloroflexi, Synergistetes and Euryarchaeota and more OTUs in Proteobacteria and Actinobacteria were detected in periodontal patients with an unpaired t-test (Figure 2c ).
Shifts of functional gene composition and structure
To understand whether functional gene composition and structure of oral microbial communities change with periodontitis, we analyzed samples using functional microarrays. Unique and overlapped genes as well as diversity indexes among three groups of subjects were calculated based on data obtained from GeoChip 4.0 þ HuMiChip 1.0 (Table 1) . Periodontal healthy subjects exhibited the highest number and percentage of unique genes (9964 and 23.1%, respectively), whereas only 1.0% of unique genes were found in both moderate and severe periodontitis patients. In addition, moderate and severe periodontitis shared the maximum overlapped genes (29 903 and 87.0%, respectively). Based on the Shannon, Simpson and Simpson Evenness indices, a lower functional gene diversity was observed in moderate and severe periodontitis with the order: severe periodontitisomoderate periodontitisohealthy control. Meanwhile, significantly fewer genes were detected in the periodontitis groups (Po0.05) as compared with the control group.
Significant differences (Po0.05) in the microbial functional gene structure were observed between healthy control and moderate periodontitis, or between healthy control and severe periodontitis, using three nonparametric multivariate analysis methods, although no significant differences between moderate and severe periodontitis were detected (P40.05, Table 2 ). According to hierarchical clustering analysis, samples from periodontitis subjects clustered together and were well separated from healthy controls, whereas moderate and severe periodontitis could not be well separated (Figure 3) . Although some functional genes were common to all samples, the variability in functional gene distribution among different samples was noticeable (Figure 3) . For example, genes in groups 1, 3 and 5, with 15.1%, 6.2% and 28.4% of all genes detected, respectively, that are largely involved in amino acid synthesis and metabolism, central carbon metabolic pathways, complex carbohydrates and purine metabolism, feeder pathways to glycolysis and glycan biosynthesis, were generally detected in all samples. However, groups 2, 4 and 6, with 9.6%, 19.0% and 21.6% of all genes detected, respectively, were mainly found in the healthy samples.
As there was no significant difference detected between moderate and severe periodontitis groups by dissimilarity and clustering analysis in terms of overall functional structure, we combined these two groups into the periodontitis group for further analysis. Because most of the functional genes targeted by GeoChip 4.0 play important roles in biogeochemical processes in the natural environment, but not in the human body, we focused more on the HuMiChip 1.0. Hence, the microarray data listed below were obtained from HuMiChip 1.0 except virulence factors category.
Shifts of functional gene abundances in key metabolic processes
Genes showing significant higher abundance in periodontitis were mainly involved in virulence, amino acid metabolism, glycosaminoglycan (GAG) degradation, pyrimidine metabolism, glycolysis and organic acid biosynthesis. The relative abundance of genes involved in amino acid synthesis, however, was lower. A positive correlation was observed between the changes in gene patterns and the severity of inflammation in the above categories; that is, a higher percentage of functional genes changed in severe periodontitis than in moderate periodontitis as compared with the healthy group (Figure 4) . Virulence factors. Virulence factors are molecules expressed and secreted by pathogens that enable to achieve the colonization of a niche in the host, to invade epithelial and endothelial cells and/or to evade host defenses (Graves et al., 2000) . Colonization factor (encoded by colonization factor), fimbriae (encoded by fimbriae r), pili (encoded by pilin), P pili (encoded by pap) and sortase (encoded by srt) are all able to promote bacterial attachment to host tissues; hemolysins (encoded by hly) are functionally defined by the ability to lyse erythrocytes and they also have the capability of lysing a variety of other cell types, including mast cells, neutrophils and polymorphonuclear cells (Braun and Focareta, 1991) ; aerobactin (encoded by iuc) is a siderophore-dependent iron Figure 1 Circular maximum likelihood phylogenetic tree at the genus level. The tree was constructed with MEGA 5 using neighborjoining method with a bootstrap value of 1000 and displayed using iTOL (Letunic and Bork, 2011) . The bars in the outer band represent the relative abundance of bacterial genus in the healthy (blue) and the periodontal disease (red) groups. acquisition system and iron is an essential nutrient for bacterial growth (Marx, 2002) . One of the most striking results in this study was that more than half of the targeted virulence genes in the periodontitis group, including colonization factor, fimbriae, hly, iuc, pap, pilin and srt, had a higher relative abundance compared with the healthy group ( Figure 5 ).
Amino acid degradation and synthesis. Out of 22 genes involved in amino acid metabolism, 9 showed distinct abundances between periodontitis and healthy groups (Figure 6 ). Of these, four genes exhibited higher relative abundances in periodontitis, including those encoding lysine decarboxylase, L-alanine dehydrogenase, biosynthetic arginine decarboxylase PLP-binding and argininosuccinate lyase, that play an indispensable role in lysine, alanine and arginine metabolism. Similarly, most probes of these four genes showed higher signal intensity in the periodontitis group than in the healthy group. For example, 177 probes were designed to detect the genes encoding lysine decarboxylase. Among The bold entries stand for the unique genes and italic for overlap genes between any two of those three groups (H, MP and SP). Figure S2) . Another five genes encoding acetylglutamate kinase, D-cysteine desulfhydrase, homoserine kinase, proline dehydrogenase and selenocysteine lyase PLP-dependent showed lower abundances in the periodontitis group ( Figure 6 ). Within amino acid synthesis genes, 19 of 41 genes had significantly different signal intensities, and 15 of these showed lower signal intensities in periodontitis.
GAG degradation. GAGs are a family of amino sugars including hyaluronic acid, chondroitin-4-sulfate (C-4-S), chondroitin-6-sulfate, heparan sulfate and keratan sulfate. In this study, the relative abundance of all three genes involved in GAG Figure 3 Hierarchical clustering analysis of all detected genes in all 37 samples. Results were generated by CLUSTER and visualized by TREEVIEW. Red indicates signal intensities above background, whereas black indicates signal intensities below background. Brighter red coloring indicates higher signal intensities. The groups 1-6 contained functional genes from different functional gene families, but showed different patterns between healthy and diseased groups. The y axes in the right panel indicate the sum of normalized signal intensity of each group of genes detected. H, healthy control; MP, moderate periodontitis; SP, severe periodontitis. Figure 4 Shifts of functional genes in periodontal communities for key metabolic pathways. For each pathway, first, the relative abundance of genes between healthy controls (H) and moderate periodontitis (MP) or severe periodontitis (SP) was compared with analysis of variance (ANOVA; a ¼ 0.05). Then, the numbers of genes with statistical difference were counted. The bars represented the percentage (%) of these genes in total genes in this category and * indicated more than 40% genes altered in this category.
Microbial and functional shifts in periodontitis Y Li et al degradation was significantly higher in the periodontitis group (Figure 7 ). These genes encode N-acetyl-D-galactosamine-4-sulfate 4-sulfohydrolase, b-N-acetyl-D-hexosaminide N-acetylhexosaminohydrolase and N-acetyl-D-glucosamine-6-sulfate 6-sulfohydrolase, respectively.
Pyrimidine metabolism and synthesis. The abundance of pyrimidine metabolism-related genes encoding thymidine phosphorylase and uridine phosphorylase were higher in periodontitis (Figure 7) . The former catalyzes thymidine into thymine, and the latter catalyzes uridine into uracil. On the contrary, pyrimidine biosynthesis genes showed significant lower relative abundance in periodontitis, including those encoding carbamoyl phosphate synthetase, orotidine-5-phosphate decarboxylase (for uridine-5 0 -phosphate biosynthesis) and UMP/CMP kinase (for pyrimidine biosynthesis). Genes related to purine synthesis and metabolism did not show obvious abundance changes.
Organic acids. Genes encoding b-ketoacyl-ACP synthase III, butyrate kinase and butyrate-acetoacetate CoA-transferase were found to be more abundant in periodontitis (Supplementary Figure S3) . The overexpression of b-ketoacyl-ACP synthase III contributes to a high level of fatty acids and the other two to butyrate biosynthesis. No significant difference was observed for other genes in this category. Figure 5 The normalized signal intensity of virulence genes. The signal intensity for each functional gene was the average of the total signal intensity from all the replicates. All data are presented as mean ± s.e. (*Po0.05). Half of virulence genes in periodontitis (P) had a higher abundance than those in healthy (H) subjects.
Figure 6
The normalized signal intensity of genes involved in amino acid metabolism and synthesis. All data are presented as mean ± s.e. and genes with no significant difference are not shown (P40.05). Bars on the left of y axis represent genes with lower relative abundance in periodontitis, whereas bars on the right indicate genes with higher abundance in periodontitis. Out of 22 genes involved in amino acid metabolism, 9 showed distinct abundances between periodontitis (P) and healthy (H) subjects. As for amino acid synthesis, 19 out of 41 genes changed and 15 of these genes showed lower relative abundance in the periodontitis group.
Carbohydrate degradation. Carbohydrate degradation consists of four categories: glycolysis, central carbon metabolism, complex carbohydrate degrading and glycan biosynthesis and metabolism. More than half of the genes (5/9) in the glycolysis category had significantly different signal intensities, but they were not involved in metabolism of several key sugars (such as maltose, glucose and fructose) (Supplementary Figure S4) . In the gene family of central carbon metabolism, only genes encoding carbon monoxide dehydrogenase and KDPG aldolase exhibited significantly higher abundance (data not shown). No significant differences were observed for complex carbohydrate degradation, glycan biosynthesis and metabolism genes (Figure 4 ).
Discussion
Using Illumina MiSeq sequencing and microarray (GeoChip 4.0 and HuMiChip 1.0) technologies, we showed significant phylogenetic and functional gene differences of subgingival microbial communities between periodontitis patients and healthy individuals. In general, the 16S rRNA analysis indicated phylogenetic structure of the oral microbiome was distinctly different between periodontal and healthy individuals. According to the functional gene analysis, the functional gene diversity decreased as the periodontal inflammation severity increased. Also, the relative abundance of some key genes involved in virulence factors, amino acid metabolism, GAG degradation as well as pyrimidine metabolism was higher in patients, and this can be explained by the following several possible reasons.
Significantly higher a-diversity and evenness were observed in the periodontal group, consistent with previous observations (Griffen et al., 2012; Liu et al., 2012; Abusleme et al., 2013) . The significantly increased a-diversity without significantly increased richness indicated that the increased diversity mainly resulted from a more even subgingival community. Being different from the phylogenetic richness, significantly less functional richness (functional gene number) was observed in the periodontitis groups. No statistical correlation between OTUs and gene numbers (Pearson's test, Pearson's correlation coefficient ¼ 0.52, P ¼ 0.12, data not shown) was observed, indicating they were not closely related. It could be partially explained by the fact that the phylogenetic richness index did not take the phylogenetic assignment of OTUs into consideration and each species harbors specific genome. However, this result should be taken carefully because functional microarray are closeformat metagenomic methodology and some genes might be omitted because of the probe design, and studies employing shot-gun sequencing of subgingival metagenome are needed to cross-validate it.
Significant differences of oral microbiomes were detected between periodontitis and healthy individuals at the phylum and genus levels, suggesting phylogenetic structure shifts of the subgingival microbial community. The present study confirmed the association between periodontitis and some microbial taxa, including the phylum Firmicutes, Bacteroidetes, Spirochaetes, Tenericutes, Chloroflexi, Synergistetes and Euryarchaeota and the genus Fusobacterium, Porphyromonas, Treponema, Filifactor, Eubacterium, Tannerella, Hallella, Parvimonas, Peptostreptococcus and Catonella. The taxonomic enrichment in these taxa, to a certain extent, might contribute to the functional shift of subgingival microbial community in periodontitis population as detected by GeoChip 4.0 þ HuMiChip 1.0.
Based upon the pathogenicity of the periodontal bacteria, Socransky et al. (1998) classified several complexes of bacteria, dividing them in groups and labeled by colors. The 'red complex', including P. gingivalis (belongs to the phylum Bacteroidetes and the genus Porphyromonas), T. denticola (belongs to the phylum Spirochaetes and the genus Treponema) and Tannerella forsythia (belongs to the phylum Bacteroidetes and the genus Tannerella), are recognized as the most virulent pathogens in adult periodontal disease. As molecular-based approaches to microbial detection become increasingly facile and as studies employing cultureindependent methods for periodontal microbiota analysis become abundant, some newly recognized organisms are found to show as good correlation with disease as the classical red complex (Kumar al., 2005, 2006) , calling into question the concept of color-coded complexes. However, whether the newly identified taxa will play an equal or more important role in periodontal pathogenesis than that of the species in color-coded complexes requires further investigation.
The genera with significant associations with periodontitis deserved further research. For example, Filifactor appeared to be prevalent and strongly disease associated. Research is warranted on this type of microorganisms as they may play an important role in development of periodontitis. As a matter of fact, Filifactor alocis, a fastidious, Grampositive, obligate anaerobic rod, has been proven to harbor characteristics in common with established periodontal pathogens and has the potential to contribute to periodontal tissue destruction (Aruni et al., 2011; Moffatt et al., 2011) .
Moreover, it is very interesting that much less species could be detected from the periodontitis groups in the phyla Firmicutes, Spirochaetes, Tenericutes, Chloroflexi, Synergistetes and Euryarchaeota. However, these phyla showed higher relative abundance in periodontal patients. As bacteria in the dental biofilm interact with each other actively, these results indicated that when the disease advances, strains with more virulent properties predominate the subgingival niches and they might inhibit the colonization, reproduction and growth of other microbiota, even those belonging to the same phylum. In addition, although more species-level phenotypes belonging to Proteobacteria could be detected in the periodontitis, the relative abundance of this phylum was lower than that in the healthy group.
The first key step for pathogenesis of periodontal bacteria is subgingival dental plaque (that is, biofilm) formation. Successful establishment of a biofilm heavily relies on the ability of bacteria to adhere to host tissues. Microorganisms use different strategies ranging from single monomeric proteins to intricate multimeric macromolecules for cell adhesion. The colonization factor, fimbriae, pili and P pili are crucial for bacteria's colonization on host tissues. Among them, pili, P pili and fimbriae are among the most important cellular components needed for adhesion of periodontal bacteria (Amano, 2010) . The present study showed a significantly higher abundance of genes encoding pili, P pili and fimbriae (fim, pap and pilin, respectively) in periodontitis samples. Similarly, srt, encoding sortase, also showed a higher relative abundance in the periodontitis group. Sortase is a protease that catalyzes cell wall anchoring of surface proteins containing a LPXTG motif (Cossart and Jonquières, 2000) and assembly of pili in Gram-positive bacteria is sortase dependent (Cossart and Jonquières, 2000; Telford et al., 2006) . The high level of genes encoding pili, P pili and fimbriae should be given specific attention because their roles in bacterial adhesion as well as adhesion-binding events may activate complex signal transduction cascades in host cells that could attenuate innate immune clearance of bacteria, thus facilitating bacterial invasion. For example, the long fimbriae of P. gingivalis could bind to Toll-like receptor 2 and to CD14 that induced the activation of complement receptor 3 in leukocytes. After being activated, complement receptor 3 interacted with long fimbriae and led to the downregulation of interleukin-12 p70, a crucial cytokine involved in intracellular bacterial clearance (Amano, 2010) .
Periodontal tissues are rich in proteins. Periodontal microbes and host-derived proteases could degrade host periodontal proteins and proteins involved in the inflammatory and immune reactions into peptides and amino acids that the microorganisms can absorb and used as nutritional resources (Sandholm, 1986; Eley and Cox, 2003) . Studies have shown elevated levels of peptides and amino acids in periodontal population (Rai et al., 2008; Barnes et al., 2011) . The increased peptides and amino acids would supply as a richer energy pool for the expansion of some specific organisms relying on oligopeptides as carbon and energy sources (Takahashi and Sato, 2002 ) that ultimately influences the microbial and functional structure. In the present study, genes encoding lysine decarboxylase, L-alanine dehydrogenase, biosynthetic arginine decarboxylase PLP-binding and argininosuccinate lyase exhibited a higher abundance in periodontitis that might lead to the increasing of many amino acid metabolites in periodontal patients (Barnes et al., 2009 (Barnes et al., , 2011 . Among the genes involved in amino acid synthesis with distinct abundance, 15 out of 19 genes showed lower relative abundance in periodontitis, indicating that subgingival community of periodontal group might utilize some ammonia absorbed directly for physiological activities instead of biosynthesizing themselves.
The connective tissue and bone destruction is one of the most prominent features in periodontal diseases, more specifically degradation of extracellular matrix. A majority of the studies are concerned with collagen (the main protein in periodontal tissues and bone) breakdown and less attention has been paid on the noncollagenous components of extracellular matrix during periodontal disease. GAGs, the long linear polysaccharides consisting of a repeating disaccharide unit, are major noncollagenous components of extracellular matrix. This group of macromolecules has received the attention of dental researchers as a potential indicator for periodontal diseases (Last et al., 1985; Smith et al., 1995; Giannobile et al., 2003) . The abundance of all three genes involved in GAG degradation was dramatically elevated in periodontitis as demonstrated previously. Of particular interest to us is the gene encoding N-acetyl-D-galactosamine-4-sulfate 4-sulfohydrolase associated with C-4-S degradation because the gingival crevicular fluid content of C-4-S exhibited significant correlations with probing depth and attachment loss (Last et al., 1985; Smith et al., 1995) and C-4-S is regarded as a biomarker for bone degradation as it accounts for 94% of GAGs in alveolar bone (Waddington et al., 1989; Armitage, 2004) . The higher concentrations of C-4-S and other GAGs in periodontitis (Last et al., 1985; Smith et al., 1995; Giannobile et al., 2003) seem to contradict the observation that degradation genes were enriched. Reasons might be because, first, the functional gene composition is a reflection of a shift in the community composition and does not necessarily represent the overexpression of GAG degradation enzymes. Second, GAGs are released from the inflammatory tissues at a higher speed than that of degradation.
Periodontal cells are damaged by the periodontal microbiota directly or by the host immune system indirectly, followed by nucleic acid releasing. Nucleosides and nucleobases represent an important nutrient source for bacteria and could be used for nucleic acid biosynthesis or be catabolized as carbon and energy sources. We observed lower level of pyrimidine biosynthesis genes (encoding carbamoyl phosphate synthetase, orotidine-5-phosphate decarboxylase and UMP/CMP kinase) in the periodontitis group. However, no significant difference was detected in the relative abundance of the purine synthesis-associated genes. By using an in vitro multispecies model, Kuboniwa et al. (2009) also found that P. gingivalis reduced its pyrimidine biosynthesis but not purine biosynthesis-associated protein abundance when it was cultured with F. nucleatum and S. gordonii. These two investigations together indicated that bacterial purine biosynthesis pathway is more resistant to the community microbial structure alternation. However, this hypothesis requires further validation and more investigations are needed to reveal the mechanisms. The genes involved in purine metabolism show a similar relative abundance, which could partially explain why no increment of purine degradation metabolites was detected from the saliva of generalized chronic periodontitis patients (Aimetti et al., 2012) .
Short-chain fatty acids can disrupt host defense systems by different mechanisms, such as induction of apoptosis in immune cells (Stehle et al., 2001; Abe, 2012) and gingival epithelial cells (Tsuda et al., 2010) and alteration of cell function and gene expression in human gingival fibroblasts (Chang et al., 2013) . Previous studies have demonstrated higher concentrations of short-chain fatty acids in the gingival crevicular fluid of periodontitis patients (Lu et al., 2008; Qiqiang et al., 2012) . In this study, we observed an increased abundance of genes responsible for production of short-chain fatty acids. Specially, butyrate kinase and butyrate-acetoacetate CoA-transferase genes exhibited significantly higher abundance in periodontitis patients, suggesting butyrate may be a key end product toxic to human host tissues. In this study, no difference was observed in the abundance of genes encoding acetate kinase, L-lactate dehydrogenase and propionate kinase, although some differences were found for those genes by Alonso De La Peñ a et al. (2007) and Aimetti et al. (2012) . However, at the probe level, some of these genes had significantly higher signal intensities in periodontitis patients than in healthy subjects.
It is hypothesized that oral microorganisms do not rely heavily on carbohydrate metabolism to promote periodontitis development. In this study, functional genes involved in carbohydrate metabolism were relatively similar across all individuals. These results were consistent with the findings of Mazumdar et al. (2009) , in which computational construction and analysis of the genome-scale metabolic network of P. gingivalis were employed. Even though the relative abundance of three genes involved in glycolysis was increased and that of the other two genes was decreased in periodontitis samples, the alteration of maltose, glucose, fructose and xylose metabolism genes was not evident, and this disagrees with other studies carried on saliva, gingival crevicular fluid and single pathogenic bacterium P. gingivalis Strain W83 (Nelson et al., 2003; Barnes et al., 2009 Barnes et al., , 2011 .
In conclusion, our results revealed distinctly different microbial community composition and structures of subgingival dental plaque samples between periodontitis and healthy subjects, as well as the shift of key functional genes that may boost the progression of periodontitis. Furthermore, these enriched or reduced genes and taxa in patients might be used as targets for future antiperiodontitis therapy. To further understand and evaluate oral microbial communities and other associated diseases, further development of functional gene arrays will target more sequenced genomes, as well as metagenomes, and develop strain/species-specific probes for strain/species identification.
